Cover Crops
C over crops provide important environmental functions that include reducing soil erosion (Zhu et al., 1989; Kaspar et al., 2001 ) and nitrate leaching (Kladivko et al., 2004; Strock et al., 2004; Kaspar et al., 2007) . Nevertheless, cover crop adoption in agronomic farming systems is low. Singer et al. (2007a) reported cover crop use among producers in the U.S. Corn Belt was 11% between 2001 and 2005 . Reasons reported by producers in this region for not using cover crops included too much time involved (34.8%), too costly (27.4%), do not have a runoff problem (28.1%), already use no-tillage practices (38.6%), and do not know enough about them (39.5%). Innovative approaches that address producers' reasons for not using cover crops may increase their adoption in agronomic farming systems.
Interspecifi c competition in self-seeding cover crop systems occurs when growth of the cover crop overlaps with growth of the cash crop. Viable alternatives to the conventional approach of planting cover crops in the fall and terminating their growth in the spring in farming systems dominated by summer annual crops must minimize this competition. Westgate et al. (2005) reported that relying solely on mechanical control to suppress rye lowered soil water content and light interception by soybean compared with soybean growing without rye. in the same study reported 30 to 60% yield loss in soybean using mechanical control to suppress a rye cover crop at the second node, boot, or anthesis growth stages. In contrast, De Bruin et al. (2005) reported that rye and soybean growing concurrently had no eff ect on soil water content from the 0-to 45-cm soil depth aft er 6 June compared to a no rye check in 1 yr. However, signifi cant diff erences in another year during mid-July from the 30-to 60-cm soil depth decreased soybean yield. Singer et al. (2007b) compared competitiveness and selfseeding of winter cereal cover crop species using diff erent planting confi gurations and management options while growing concurrently with soybean. Th ey reported yield losses from 15 to 45% among management treatments, while no interaction was detected between the management treatments and the three winter cereal species.
Studies have demonstrated that legumes can be used in a selfseeding system (Kumwenda et al., 1993; Myers and Wagger, 1991; Ranells and Wagger, 1991) , but few studies have used winter cereals as a self-seeding cover crop Singer et al., 2007b) . Singer et al. (2007b) reported fi nal self-seeding of winter wheat, triticale, and rye aft er one cycle of self-seeding but provided no information on the fate of the selfseeded winter cereals through the winter or the second cropping season when grown concurrently with corn. Th e current work reports on the continuation of the research fi rst described by Singer et al. (2007b) . Th e objectives were to quantify: (i) the establishment of the three winter cereal species through the fall and winter and following corn crop aft er the fi rst cycle of selfseeding in soybean; (ii) quantify the shoot biomass, N uptake, seed production, and establishment of the self-seeded winter cereals when grown concurrently with corn using diff erent cover crop management approaches.
MATERIALS AND METHODS
Field studies were conducted at the Agricultural Engineering Research Center near Ames, IA (42°01´ N, 93°45´ W; 341 m asl), from October 2003 through November 2006. Th e current study was a continuation of the original research that was published aft er the soybean phase was completed (Singer et al., 2007b) . Th is research followed the original cover crop treatments into the fall aft er soybean harvest and through the subsequent corn production season. Th e soil for both fi eld experiments was a Spillville loam (fi ne-loamy, mixed, superactive, mesic, Cumulic Hapludolls). Th e fi eld site was managed in a soybean-corn rotation using no-tillage. Soil test levels in the surface 20-cm soil depth in 2004 were 17 mg kg −1 P, 80 mg kg −1 K, and a pH of 6.6 and in 2005 were 20 mg kg −1 P, 115 mg kg −1 K, and a pH of 6.5. Nitrogen, P, and K were surface applied on 2 Apr. 2005 and 17 Apr. 2006 at a rate of 35, 39, and 74 kg ha −1 , respectively. Th e experimental design was a randomized complete block with treatments arranged in a split-plot with four replicates. Species main plots were wheat ('Karl 92'), rye ('Rymin'), and triticale ('Décor' in 2004 and 'Kitaro' in 2005 ) that self-seeded through seed shatter aft er maturity and the physical disturbance caused by combining soybean on 29 Sept. 2004 and 3 Oct. 2005 . Subplots were the residual of the previous cover crop management systems (Table 1 ) and a no cover crop check. Th e original experiment was planted at 2,470,000 seeds ha −1 on 25 Sept. 2003 and 9 Oct. 2004 using a grain drill with 19-cm row widths. Cover crops were drilled with either two or four 19-cm rows between each 76-cm soybean row. In the four row treatments, cover crop management included chemically killing two 19-cm cover crop rows adjacent to the future soybean row early or late in the spring compared to no chemical control. In the two row treatments, the primary diff erence was the use of a rolling stalk chopper to suppress the two rows of cover crop drilled in the interrow. Cycle 1 self-seeding refers to the cover crops that self-seeded during the soybean production year aft er the original drilled cover crops reached maturity and commenced seed shatter to perpetuate the next cycle. Cycle 2 refers to the cover crops that established aft er the cycle 1 cover crops commenced seed shatter and established during the corn production year.
Cover crop emergence was counted weekly from 6 Oct. (Zadoks et al., 1974) . Shoot biomass was dried in a forced air oven at 70°C until constant weight and ground to pass through a 1-mm sieve. Total N concentration was determined using the Dumas combustion method (AOAC International, 2000) . diff erence between the mechanical (before soybean) and selfseeding (before corn) cover crop systems is that the self-seeded cover crops were not in rows. Daily rainfall and mean air temperature were recorded at a weather station about 2 km from the experimental site and presented by month for each growing season (Table 2) . Statistical analysis was conducted using PROC MIXED (SAS Institute, 2002) version 9.1 with block and block by species as random variables and cereal species, treatment, and years as fi xed variables. A fi rst order autoregressive model was used for the repeated measures fall cover crop establishment data. A Fisher's protected LSD (alpha = 0.05) was used to separate species, treatment, and interaction means.
RESULTS AND DISCUSSION
Self-Seeding-Cycle 1 Cover crop establishment data are presented by year because of a signifi cant year eff ect (data not presented). Date, species, and treatment main eff ects were signifi cant, but no species by treatment interactions were detected in 2004. A three-way interaction was detected in 2005. Both years, plant stand for most of the cover crop management systems was fully established at the fi rst sampling point aft er soybean harvest, which occurred 1 wk aft er harvest in 2004 and 2 d aft er harvest in 2005. Th e consistent exception was the rye 2RBNC treatment, which increased until 5 wk after harvest in 2004 and just over 3 wk after harvest in 2005 (Fig. 1) . Treatment 2RBNC had the highest self-seeding compared to most treatments because of two to eight times greater seed production than the next closest treatment (Singer et al., 2007b) . Th e increase in plant density over time in this treatment probably resulted from improved seed-to-soil contact from settling or rainfall that resulted in seed germination. Th e 2RBNC treatment had greater self-seeding than all other treatments in rye (49.0 vs. 3.5 plants m −2 ) and triticale (58.0 vs. 12.5 plants m −2 ), while the 2RBNC, 4RLB, and 4RNB treatments in wheat were similar in 2005, except at the fi rst sampling time. Breeding eff orts for wheat may have increased reproductive partitioning that were not observed in the other species. Self-seeding systems in soybean using winter wheat and triticale that rely on natural seed shatter to establish the next cycle are likely to be fully established at soybean harvest regardless of cereal seed production.
Tiller Density
Fall 2004 and spring 2005 tiller densities had signifi cant species and treatment eff ects but no species by treatment interaction (Table 3) . Averaged across treatment, wheat had the highest tiller density in the fall and spring at 67 and 339 tillers m −2 , while rye and triticale tiller densities were similar in the fall and spring at 37 and 166 tillers m −2 , respectively. In the fall, averaged across species, 4RLB (26 tillers m −2 ) was lower than 4REB (40 tillers m −2 ) and all treatments were lower than the 2RBNC (100 tillers m −2 ). In the spring, averaged across species, the same pattern was evident among treatments. reported rye self-seeded fall tiller density of 237 tillers m −2 in 1 yr, averaged across treatments, and 43, 86, and 118 tillers m −2 in another year aft er mechanical control at the second node, boot, and anthesis growth stages, respectively.
In the fall of 2005 and spring of 2006, a species by treatment interaction occurred for tiller density (Table 4) . Wheat 4RLB, 4RNB, and 2RBNC were similar in the fall at 187 tillers m −2 , while 4REB and 2RB were similar and lower at 105 tillers m −2 . In the spring, wheat tiller response was generally similar among treatments, although the 4REB had similar tiller production as the 4RLB and 4RNB. Rye and triticale 2RBNC had the highest densities among treatments in the fall and spring, except for triticale 4RLB in the spring. Not surprisingly, the tiller density data closely followed plant density treatment response. Higher plant densities generally produced higher tiller densities. Th is is not consistent with Whaley et al. (2000) , who reported decreasing tiller production as wheat plant density increased from 19 to 338 plants m −2 . Th ese self-seeding plant densities were below the critical threshold required to aff ect tiller prolifi cacy, which Whaley et al. (2000) reported occurred between plant densities of 30 and 59 plants m −2 .
Ground Cover
Ground cover was aff ected by species and treatment in 2004 (Table 3) . Averaged across treatment, wheat had greater ground cover (24%) than rye and triticale, which had similar ground cover (15%). Averaged across species, 2RBNC had the greatest ground cover (29%), while 4REB, 4RLB, 4RNB, and 2RB were similar at 15% ground cover. A species by treatment interaction occurred for ground cover in 2005 (Table 4) . Wheat 2RBNC and 4RLB had similar ground cover, while 2RBNC in rye and triticale had greater ground than the rest of the treatments. Using the revised universal soil loss equation (RUSLE) to calculate erosion rates, erosion can be reduced by 30% with as little as 10% residue cover and can be reduced by as much as 80% with 50% residue cover (Moldenhauer and Langdale, 1995) .
Cover Crop Biomass
Cover crop shoot biomass had a species by treatment interaction in the fall of 2004 and spring of 2005 (Table 3 ). In the fall, wheat 2RBNC had the highest biomass at 27 g m −2 , while other treatments ranged from 7 to 12 g m −2 . Treatment 2RBNC (12 g m −2 ) was similar in rye and triticale, while 4REB, 4RLB, 4RNB, and 2RB were similar at 3 g m −2 . Wheat spring biomass was highest in 2RBNC (23 g m −2 ), while 4REB, 4RNB, and 2RB were similar at 15 g m −2 and 4RLB (8 g m −2 ) was the lowest. Wheat was similar to rye and triticale in the 4REB, 4RLB, 4RNB and 2RB treatments at 12 g m −2 . Rye 2RBNC had the highest biomass at 40 g m −2 , while wheat and triticale were lower at 22 g m −2 .
Fall 2005 shoot biomass only exhibited treatment effects (Table 4 ). The 2RBNC treatment had the highest biomass at 19 g m −2 , while 4REB, 4RLB, 4RNB, and 2RB were similar at 9 g m −2 . Spring 2006 shoot biomass had a species by treatment interaction (Table 4) . Wheat biomass was similar among treatments (27 g m −2 ). Rye 2RBNC produced the greatest biomass (64 g m −2 ), while other treatments produced 6 g m −2 or less. In triticale, 2RBNC and 4RLB had similar biomass. reported self-seeded rye biomass of 27.8 g m −2 in the spring, averaged over treatments, in 1 yr 2RBNC  12  40  99  376  28  Rye  2RB  2  12  20  185  11  Triticale  4REB  4  14  29  121  13  Triticale  4RLB  3  9  24  92  11  Triticale  4RNB  3  12  25  128  11  Triticale  2RBNC  12  20  72  180  26  Triticale  2RB  5  11  37  116 and 52.0 (second node), 27.5 (boot), and 17.9 (fl owering) g m −2 in another year immediately before corn planting. Th e original mechanical control occurred about a year earlier at Feekes growth stages 7.0 (second node), 9.8 (boot), and 10.51 (fl owering) with biomass production ranging from 134 to 604 g m −2 depending on treatment and year (Westgate et al., 2005) . Tollenaar et al. (1993) reported a corn yield reduction of 2 to 16% with cover crops compared to the no cover crop check, but found no correlation between yield reduction and the quantity of spring cereal biomass before corn planting. Consequently, spring cover crop management should be balanced to encourage biomass production to increase nutrient capture and ground cover with timely planting of cash crops.
Spring Nitrogen Uptake
A species by treatment interaction occurred in 2005 for spring cover crop N uptake at corn planting (Table 5) . Wheat 2RBNC, 4RLB, 4RNB, and 2RB had similar N uptake (7.8 kg ha −1 ) and were higher than 4REB. Rye 2RBNC had the highest N uptake at 16.1 kg ha −1 , while 4REB, 4RLB, 4RNB, and 2RB were similar (5.8 kg ha −1 ). Triticale 2RBNC, 4RLB, and 4RNB had similar N uptake (6.9 kg ha −1 ). A species by treatment interaction also occurred in 2006. All wheat treatments had similar uptake (12.5 kg N ha −1 ). Rye 2RBNC had the highest N uptake at 28.8 kg ha −1 , while all other treatments were similar (1.3 kg ha −1 ). Triticale 2RBNC, 4REB, and 4RLB had similar N uptake (12.6 kg ha −1 ). De Bruin et al. (2005) in Minnesota reported N uptake ranging from 5.7 to 16.2 kg ha −1 for a rye cover crop controlled by mowing on 1 May across sites and years that was mechanically planted with higher stand densities and biomass than in this study.
Maturity Biomass and Seed Density
Straw biomass had a species by treatment interaction in 2005 (Table 6 ). In wheat and triticale, no diff erences were detected among treatments and averaged 59.1 and 26.9 g m −2 . Rye straw biomass was similar among 2RBNC, 4RNB, and 4RLB treatments. Straw biomass had a species eff ect in 2006 (Table  7 ). Wheat and triticale had similar biomass and rye and triticale were similar, but rye had lower biomass than wheat. No species Cover crop species, treatment, and interaction means for late fall cover  crop biomass (FCCB), spring cover crop biomass (SCCB) at corn planting, fall tiller density, spring tiller density, and late fall ground cover 2RBNC  19  64  163  294  71  Rye  2RB  2  6  12  51  10  Triticale  4REB  7  16  46  129  14  Triticale  4RLB  10  24  58  168  16  Triticale  4RNB  10  8  58  89  8  Triticale  2RBNC  25  35  141  238  59  Triticale  2RB  8  3  36 (P value = 0.131), treatment (P value = 0.144), or interaction (P value = 0.119) diff erences occurred for spike density in 2005, which averaged 74 spikes m −2 (Table 6 ). Wheat had higher spike density in 2006 (107 spikes m −2 ) compared to rye and triticale (31 spikes m −2 )( Table 7) . Year was not signifi cant for seed mass, however, a species by treatment interaction occurred (data not presented). Wheat 2RB had the highest seed mass (15.1 g m −2 ) compared to 4REB and 2RBNC (6.8 g m −2 ). Rye 2RBNC had the highest seed mass (8.4 g m −2 ) compared to all other treatments (0.9 g m −2 ), while all triticale treatments were similar (4.5 g m −2 ).
Year was not signifi cant for seed density, although a species by treatment interaction was detected (data not presented). Averaged across year, wheat 2RB had the highest seed density (1001 seeds m −2 ), 4RLB and 4RNB were intermediate (743 seeds m −2 ), and 4REB and 2RBNC were lower (539 seeds m −2 ). Rye 2RBNC had the highest seed density (628 seeds m −2 ) compared with all other treatments, which were similar (51 seeds m −2 ). All triticale treatments were similar (348 seeds m −2 ).
Nitrogen Uptake at Maturity
Year was not signifi cant for straw N uptake, although a species by treatment interaction occurred (Table 8) . Averaged across year, wheat 4REB had lower N uptake (5.9 kg ha −1 ) than 2RB (9.8 kg ha −1 ). Rye 4REB, 4RLB, 4RNB, and 2RB had similar uptake (2.3 kg ha −1 ) compared to 2RBNC (9.7 kg ha −1 ). Triticale 2RB and 4RNB had less N uptake (2.5 kg ha −1 ) compared to 4RLB (7.6 kg ha −1 ). Grain N uptake also exhibited a species by treatment interaction but no year eff ect (Table  8) . Averaged across year, wheat 2RB had greater N uptake (5.2 kg ha −1 ) than 2RBNC and 4REB (2.6 kg ha −1 ). Rye 4REB, 4RLB, 4RNB, and 2RB had similar N uptake (0.3 kg ha −1 ) and were all lower than 2RBNC (2.8 kg ha −1 ). Triticale treatments had similar grain N uptake (1.4 kg ha −1 ).
Self-Seeding -Cycle 2
Year, species, and treatment aff ected cycle two self-seeding aft er corn but no interactions were detected. Wheat had greater self-seeding than rye both years and triticale in 2006 (Table  9 ). Rye and triticale had similar plant densities both years. In 2005, 4REB, 4RLB, 4RNB, and 2RB were similar at 3.9 plants m −2 , while 2RBNC was higher (7.1 plants m −2 ). In 2006, 2RBNC, 4RLB, and 2RB had similar plant density (15.2 plants m −2 ), while 2RBNC and 4RLB were higher than 4REB and 4RNB (9.8 plants m −2 ). Year did not eff ect cover crop seed production, nevertheless, year did infl uence cover crop plant establishment. Th e diff erence between the highest and lowest seed production in wheat was 462 seeds m −2 , yet plant establishment did not respond to increasing seed production.
Th ese results indicate that seed production may not be limiting plant establishment. Plant establishment in the fall of 2005 was probably lower because only 9 mm of rainfall occurred in October, while 63 mm rainfall fell in October 2006. We did not measure the temporal establishment pattern of the cover crop aft er corn, but visual observations support this statement. Th e effi ciency of self-seeded systems relying on natural seed shatter was <0.5% using these winter cereals aft er one cycle of self-seeding (Singer et al., 2007b) . Singer et al. (2007b) reported 46 to 64% of drilled seed established plants at the beginning of this fi eld experiment. Aft er two cycles of self-seeding, wheat plant density was 20% of the average plant density established aft er drilling wheat to commence this study. Wheat self-seeding cover crop systems comparing these species and varieties exhibits the greatest promise to develop viable alternatives to the standard cover crop practice. Additional research should focus on minimizing interspecifi c competition between the cover crop and cash crop and improving cover crop seed distribution. Competition between the least competitive cover crop system and corn lowered corn grain yields about 9% and will be reported in a separate manuscript.
CONCLUSIONS
Winter cereals are capable of self-seeding in soybean and corn using natural seed shatter to establish the next plant cycle. Wheat exhibited the greatest promise among the cereals tested, although this may only refl ect breeding improvements for reproductive partitioning. Nevertheless, most of the cover crop treatments had adequate seed production to establish the next plant cycle. Future research should focus on chemical and mechanical control to balance interspecifi c competition and seed production. Moreover, self-seeded plant establishment can likely be increased by developing technologies to improve seed dispersal during the soybean phase of the rotation. Th ese improvements ultimately may lead to increased cover crop use because the risk and cost of establishing them will be lower and the environmental benefi ts may be enhanced. 
